MicroRNAs (miRNAs) are a novel class of small, non-coding RNAs that play a significant role in both inflammatory and cardiovascular diseases. Immune cells, especially T helper (Th) cells, are critical in the development of atherosclerosis and the onset of acute coronary syndrome (ACS). To assess whether inflammation-related miRNAs (such as miR-155, 146a, 21, 125a-5p, 125b, 31) are involved in the imbalance of Th cell subsets in patients with ACS, we measured the expression of related miRNAs in patients with acute myocardial infarction (AMI), unstable angina (UA), stable angina (SA) and chest pain syndrome (CPS); analyzed the relationship between miRNA expression and the frequency of Th cell subsets; and observed the co-expression of miR-155 and IL-17A in peripheral blood mononuclear cells (PBMCs) of patients with ACS. The results showed that the expression of miR-155 in the PBMCs of patients with ACS was decreased by approximately 60%, while the expression of both miR-21 and miR-146a was increased by approximately twofold. The expression patterns of miRNAs in plasma correlated with those in PBMCs, except for miR-21, which was increased by approximately sixfold in the AMI group and showed no significant difference between the UA group and the CPS group. We also found that the expression of miR-155 inversely correlated with the frequency of Th17 cells (r520.896, P,0.01) and that miR-155 was co-expressed with IL-17A in patients with ACS. In conclusion, our study revealed the expression patterns of inflammation-related miRNAs in patients with ACS and found that miR-155 may be associated with Th17 cell differentiation.
INTRODUCTION
MicroRNAs (miRNAs, miRs) are a novel class of 19-to 23-nucleotide, untranslated, small RNAs that post-transcriptionally regulate 30% of the genes in eukaryotic organisms. 1 To date, about 1000 miRNAs have been found in humans. Many miRNAs have been shown to contribute to various physiological and pathological conditions, including some cardiovascular diseases. 2 Using the conditional deletion of Dicer or Argonaute 2, two key enzymes that control the production of mature miRNAs, the importance of miRNAs in the development of the immune system and the regulation of immune responses was discovered. 3, 4 Several miRNAs have been found to be involved in the activation, differentiation and function of immune cells by affecting key transcripts. 5 The aberrant expression of miRNAs in some inflammatory diseases has also been investigated. For example, in rheumatoid arthritis, both miR-146a and miR-155 were upregulated. 6 In psoriasis, miR-21 and miR-146a were upregulated, while miR-125b was downregulated. 7 Atherosclerosis is a chronic inflammatory disease that is regulated by immune cells, especially T helper (Th) cells. The imbalance of both Th1/Th2 cells and Th17/CD4 1 CD25 1 Foxp3 1 regulatory T (Treg) cells plays a critical role in the pathogenesis of atherosclerosis. miRNAs (such as miR-155 and miR-146a) were determined to be key molecules in modulating the differentiation of Th cells. 12, 13 Based on the relationships among miRNAs, inflammation and atherosclerosis, we hypothesized that inflammation-related miRNAs (such as miR-155, 146a, 21, 125a-5p, 125b and 31) might play a role in the development of atherosclerosis and the onset of ACS. Moreover, the expression of these miRNAs and their relationship with Th cell subsets in patients with acute myocardial infarction (AMI), unstable angina (UA) and stable angina (SA) remain to be determined. In the present study, we aimed to detect the relative expression levels of inflammation-related miRNAs in patients with AMI, UA and SA compared to expression levels in patients with chest pain syndrome (CPS) as well as to determine the relationship between the frequencies of Th cell subsets and the expression of these miRNAs.
MATERIALS AND METHODS

Study population
The study was guided by the Declaration of Helsinki and its amendments and also conformed to the approved institutional guidelines. Informed consent was obtained from each patient.
All 62 subjects-including patients with AMI, 14 UA, 15 SA 15 and CPS 14 -enrolled in this study were patients in the Cardiology Department of Union Hospital, Wuhan, China, from October 2009 to October 2010. The AMI group was composed of 12 men and 4 women with a mean age of 5867 years. Inclusion criteria were as follows: chest pain lasting .30 min within 24 h before enrollment and myocardial infarction confirmed by significant rise of creatine kinase MB and troponin I levels. The UA group was composed of 12 men and 3 women with a mean age of 6069 years. Inclusion criteria were as follows: chest pain with an accelerating pattern or prolonged duration (.20 min) or recurrent episodes at rest or with minimal effort with documented transient ST-segment elevation or ST-segment depression of 0.1 mV in at least two contiguous electrocardiograph leads. The SA group was composed of 11 men and 4 women with a mean age of 59610 years. Inclusion criteria were as follows: chest discomfort, including spreading to the left shoulder and arm, which could be relieved with nitroglycerin or rest. These patients also had a downsloping or horizontal ST-segment depression ,1 mm in an exercise test. The CPS group was composed of 12 men and 4 women with a mean age of 60610 years. Inclusion criteria were as follows: chest pain with no electrocardiographic changes and coronary spasm or coronary artery stenosis when acetylcholine was injected into coronary artery during arteriography. Exclusion criteria were as follows: patients who were treated with anti-inflammatory drugs such as aspirin or dexamethasone or patients who had collagen disease, thromboembolism, renal failure, advanced liver disease, malignant disease or any other inflammatory disease (such as psoriasis, septicemia or rheumatoid arthritis).
Sample preparation
One 8-ml blood sample from each subject was collected in EDTAtreated tubes. Plasma was collected after centrifugation, and then peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Hypaque density gradient centrifugation within 1 h.
RNA isolation
Total RNA was extracted from both freshly isolated PBMCs and plasma by TRIzol and TRIzol LS (Invitrogen, Carlsbad, CA, USA), respectively, according to the manufacturer's protocols, respectively. The concentration and purity of the RNA samples were measured by a spectrophotometer, and samples were used only if the ratio of the absorbance at 260 and 280 nm (A 260/280 ) was between 1.8 and 2.0. RNA samples were diluted with DEPC-treated water to ensure a constant starting concentration of 0.05 mg/ml for each reverse transcription (RT) reaction.
RT and quantitative real-time polymerase chain reaction (qRT-PCR) RT was carried out according to the manual for the Reverse Transcription System, which was purchased from Promega (#A3500). The reagent mixes were incubated at 16 uC for 30 min, 42 uC for 42 min and 95 uC for 5 min. cDNA samples were stored at 220 uC until used for qRT-PCR. qRT-PCR was performed using the SYBR Green PCR Master Mix Kit (#4309155; Applied Biosystems, Foster City, CA, USA) and was processed on a 7300HT analyzer (Applied Biosystems) in 48-well PCR plates. In the first cycle, reagent mixes were incubated at 95 uC for 10 min, then 95 uC for 15 s and finally 60 uC for 60 s. This cycle was repeated 40 times. miRNA levels were normalized to U6 small nuclear RNA levels. RT and PCR specific primers for U6 and miRNAs were synthesized using Invitrogen (Table 1) . inflammation-related microRNAs and acute coronary syndrome R Yao et al 487
Flow cytometric analysis
Freshly isolated PBMCs (2310 6 ) from each subject were stimulated for 4 h with 25 ng/ml of phorbol myristate acetate and 1 mg/ml of ionomycin in the presence of 2 mM of monensin. Cells were incubated at 37 uC under a 5% CO 2 environment in a 24-well culture plate. The cells were then stained with fluorescein isothiocyanate-labeled anti-human CD4, and some were then Allophycocyanin-labeled anti-human CD25 monoclonal antibodies (moAbs) for 30 min at 4 uC. After washing, the cells were fixed and permeabilized according to the manufacturer's protocol (ebioscience, Foxp3 Staining Buffer Set, #005523). For intracellular staining, cells were continually stained with phycoerythrin-labeled anti-human Foxp3 or phycoerythrin-Cy7-labeled anti-human IL-17A and PerCP/Cy5.5-labeled anti-human interferon (IFN)-c and APClabeled anti-human IL-4 moAbs. Finally, cells were resuspended in 200 ml of washing buffer and analyzed using flow cytometry with FACSCalibur (BD Biosciences, San Jose, CA, USA). Isotypematched antibody controls were used to confirm antibody specificity. All reagents used for flow cytometric analysis were purchased from eBioscience (San Diego, CA, USA).
Dual miR-155 fluorescent in situ hybridization and IL-17A immunohistochemical detection First, PBMCs from patients with AMI and UA were stimulated for 3 days with 5 mg/ml of anti-CD3 and 2 mg/ml of anti-CD28 moAbs (eBioscience) in the presence of 20 ng/ml of IL-6 and 2 ng/ml of TGF-b1 (PeproTech, Rocky Hill, NJ, USA), as well as 10 mg/ml of anti-IFN-c and anti-IL-4 moAbs (eBioscience). Then, cells were stimulated with phorbol myristate acetate, ionomycin and monensin for 4 h (as described above) and seeded on polyane-covered slides at 5310 8 cells/ml. For miR-155 fluorescent in situ hybridization (FISH), slides were fixed with 4% paraformaldehyde for 15 min at room temperature, digested with proteinase K for 5 min at 37 uC, washed with phosphate-buffered saline (PBS) twice and hydrated in ethanol solutions (sequentially hydrated in 70%, 96% and 99.9% ethanol). After airdrying the slides, hybridization mix with double-DIG LNA miR-155 probe, positive control (U6) or negative control (scramble-miR) (Exiqon, Woburn, MA, USA) was applied and allowed to hybridize for 1 h at 54 uC in the wet chamber. Low-stringency post-hybridization washes were performed with 32 SSC, 31 SSC and 30.2 SSC, and slides were washed with PBS twice and incubated in PBS-BB (PBS containing 1.0% bovine serum albumin, 0.2% powdered skim milk and 0.3% Triton X-100) for 15 min. Finally, slides were incubated for at least 14 h at 4 uC with sheep anti-digoxigenin moAbs (Roche Molecular; Indianapolis, IN, USA) diluted 1 : 1000 in PBS-BB, followed by PBS washes and TSA Plus Direct-Green deposition according to the manufacturer's protocol (PerkinElmer, Waltham, MA, USA). Figure 2 Correlation between the expression of miRNAs in plasma and in PBMCs. miR-155 (a), miR-146a (b) and miR-21 (c) levels in plasma were plotted against their levels in PBMCs. Different shapes were used to distinguish between patients with CPS, SA, UA and AMI. The correlation between miRNAs levels in plasma and PBMCs was calculated using the Spearman correlation analysis, and the r and P values are shown. AMI, acute myocardial infarction; CPS, chest pain syndrome; PBMCs, peripheral blood mononuclear cells; SA, stable angina; UA, unstable angina. 
For IL-17A immunohistochemistry, sections were blocked in PBS-BB for 30 min. The sections were incubated in the dark with mouse antihuman IL-17A moAbs (eBioscience) for 12-24 h at 4 uC and then washed with PBS. Next, TSA Plus Direct-Cyanine 3 was applied according to the manufacturer's protocol (PerkinElmer Life and Analytical Sciences, Shelton, CT, USA). After washing with PBS, sections were incubated with DAPI for 5 min and covered with coverglass. Finally, sections were analyzed using laser scanning confocal microscopy.
Statistical analysis
Values were expressed as mean6s.d. To determine the overall differences between different independent groups, one-way ANOVA was used. The statistical significance was evaluated using the Bonferroni/ Dunn post hoc test. Spearman correlation analysis was used to test for correlation between the variables. In all cases, a probability (P) value of ,0.05 was considered statistically significant and P,0.01 was considered highly statistically significant. 
RESULTS
Clinical characteristics of patients
There were no significant differences in age, gender or risk factors except for hyperlipidemia among patients with AMI, UA, SA and CPS. However, the number of diseased vessels and the incidence rate of hyperlipidemia in patients with AMI, UA and SA were significantly higher than in patients with CPS ( Table 2 ).
The altered expression of miRNAs in patients with ACS
In PBMCs, miR-21 and miR-146a levels were higher and the level of miR-155 was lower in patients with UA and AMI than in patients with CPS, while no statistically significant differences were observed between patients with SA and CPS. Additionally, there were no significant differences in the expression of miR-31,125a-5p and 125b among patients with AMI, UA, SA and CPS (Figure 1a) . In plasma, expression patterns of miRNAs were in accordance with the patterns in PBMCs, except for miR-21. miR-21 levels in plasma were remarkably high in patients with AMI, but there was no significant difference between patients with UA and patients with CPS, which was strikingly different from the levels measured in PBMCs (Figure 1b) .
We also analyzed the relationship between the expression of miRNAs in plasma and in PBMCs by Spearman's correlation analysis. This analysis showed that the expression of miR-155 and miR-146a in plasma positively correlated with the expression in PBMCs (Figure 2a  and b) . However, the expression of miR-21 in PBMCs did not correlate with the expression in plasma (Figure 2c ).
The imbalance of Th cell subsets in patients with ACS As shown in Figures 3-5 , the frequencies of Th1 and Th17 cells were increased in patients with UA and AMI, whereas the frequency of Treg cells was decreased. The frequency of Th2 cells showed no significant difference among different patient groups. Also, there were no significant differences in the frequencies of Th cell subsets (including Th1, Th2, Th17 and Treg cells) between patients with SA and CPS.
The expression of miR-155 inversely correlated with the frequency of Th17 cells in patients with ACS To investigate whether differentially expressed miRNAs correlated with the imbalance of Th cell subsets in patients with ACS, we performed Spearman's correlation analysis examining the relationship between the expression of miRNAs and the frequencies of Th cell subsets. The results showed that the expression of miR-155 in PBMCs was highly inversely correlated with the frequency of Th17 cells in patients with AMI and UA (Figure 6a ), but did not correlate with the frequency of Th1, Treg or Th2 cells (Figure 6b-d) . No significant correlation was found between the expression of other miRNAs and the frequencies of Th cell subsets (data not shown). 
DISCUSSION
Inflammation contributes to the initiation and progression of atherosclerosis. In recent years, studies have indicated that a variety of miRNAs (miRNA-155, 146a, 21, 125a-5p, 125b and 31) targeted key transcripts of immune cells and were involved in inflammatory diseases. To assess whether these miRNAs were involved in the development of atherosclerosis, we studied the relative expression of these miRNAs in both PBMCs and plasma of patients with AMI, UA, SA and CPS. The results demonstrated that miR-155 was downregulated, while miR-21 and miR-146a were upregulated in PBMCs of patients with UA and AMI. Additionally, the expression patterns of miRNAs in patient plasma were in accordance with the pattern in PBMCs, except for miR-21. miR-21 was remarkably upregulated in the plasma of patients with AMI but showed no important change in patients with UA. Next, we performed a correlation analysis of miRNAs in plasma and miRNAs in PBMCs to determine whether the miRNAs in plasma were derived from the immune system. The results showed that both miR-155 and miR-146a in plasma positively correlated with the expression levels in PBMCs, but miR-21 levels in the plasma did not correlate to levels found in PBMCs. As miR-21 was highly expressed in injured cardiac myocytes as well as activated immune cells, 14, 15 we speculated that the upregulation of miR-21 in patients with ACS may be due not only to overactivation of immune cells but also to injury of cardiac myocytes.
Both miR-146a and miR-155 can regulate immune responses, but they have been shown to have a particularly strong effect on inflammatory processes. miR-146a negatively regulates activated macrophages by directly inhibiting interleukin-1 receptor-associated kinase-1 and tumor necrosis factor receptor-associated factor 6, which are key molecules in the Toll-like receptor 4 signaling pathway. 16 It also indirectly limits overactivation of Th1 cells by regulating Treg cell function. 13 miR-155 is upregulated in activated immune cells 17 and modulates immune responses by regulating cell differentiation (such as Th1 and Treg) and cytokine secretion (such as tumor necrosis factor-alpha) and IL-6).
18-20 However, we found that miR-155 was downregulated in patients with ACS, which was consistent with what Fichtlscherer et al. 21 found in patients with coronary artery disease. Two mechanisms may explain these findings. First, downregulation of miR-155 could be a feedback mechanism that controls the overactivation of immune cells. miR-155 can be activated by the upstream activation of key transcription factors in traditional signaling pathways, like nuclear factor-kB and c-Jun N-terminal kinase; however, it may be regulated by related factors in other signaling pathways, such as Toll-like receptor, B-cell receptor and T-cell receptor signaling pathways as well as cytokines, such as IL-10. 22, 23 Second, the reduction of circulating miR-155 in patients with ACS might be explained by the uptake of miR-155 by atherosclerotic lesions. 
Foxp3
1 regulatory T cells; UA, unstable angina.
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Immune cells, especially Th cells, are key factors that induce the rupture of atheroma. In addition to the observation of altered expression levels of miRNAs, we also confirmed the imbalance of Th1/Th2 and Th17/Treg in patients with ACS. In our study, Th1 and Th17 cells were upregulated, whereas Treg cells were downregulated in patients with UA and AMI, which was in accordance with previous studies. 9, 24, 25 Th1 and Th17 cells are pro-inflammatory Th cell subsets that can induce the rupture of atheroma by secreting pro-inflammatory cytokines, such as IFN-c and IL-17A. [26] [27] [28] [29] Th2 cells, which antagonize the effects of Th1 cells, are considered an anti-atherosclerotic Th cell subset. Treg cells suppress inflammatory cells by directly contacting or secreting suppressive cytokines, and they play a protective role in the pathogenesis of atherosclerosis. 11 The functional imbalance of Th17/Treg cells was detected by our group in both ACS patients and ApoE 2/2 mice with atherosclerosis lesions. 9, 30 The relationship between the imbalance of Treg/Th17 cells and the progression of atherosclerosis is under investigation by our group.
Several studies investigated the influence of miR-155 on Th cell differentiation. In vitro, bic/miR-155 2/2 naive T cells were biased toward the Th2 cell subset, with increased production of Th2 cytokines, including IL-4, IL-5 and IL-10, and decreased production of IL-2 and IFN-c. 12, 31 In experimental autoimmune encephalomyelitis, Th1 and Th17 cells were found to be defective in miR-155 2/2 mice. 32 Furthermore, the proportion and the absolute number of Treg cells were also smaller in miR-155-deficient mice. 19, 33 In summary, these studies indicated that miR-155 is essential for the differentiation of Th cell subsets. However, different transcripts were found to be targeted by miR-155 in different Th cell subsets, and additional targets still need to be confirmed. Moreover, only certain transcripts were inhibited by miR-155 in specific cellular phases and microenvironments. 22 Therefore, in different physiological and pathological conditions, miR-155 might only directly inhibit certain transcripts and could play quite a different role in the differentiation of each Th cell subset. Smaand Mad-related protein 2 and suppressor of cytokine signaling 1, which are confirmed targets of miR-155, 34, 35 may regulate Th17 cell differentiation in the opposite way. Sma-and Mad-related protein 2, which is essential for TGF-b signaling, induces the generation of Th17 cells, 36 whereas suppressor of cytokine signaling 1 negatively regulates Th17 cell differentiation by inhibiting the IL-6/STAT3 signaling pathway. 37 In our study, the expression of miR-155 negatively correlated with the frequency of Th17 cells, and miR-155 was co-expressed with IL-17A in PBMCs, which suggests that miR-155 might negatively regulate Th17 cells in patients with ACS. O'Connell et al. 32 presumed that miR-155 positively regulated Th17 cell differentiation in experimental autoimmune encephalomyelitis. More studies are needed to clarify whether alternative transcripts are inhibited by miR-155 during the pathogenesis of ACS and experimental autoimmune encephalomyelitis. However, as mentioned above, it is also possible that downregulation of miR-155 may be explained by a feedback mechanism to limit overactivated inflammatory responses, including Th17 cell differentiation.
In summary, our study found that miR-155 was obviously downregulated and that miR-21 and miR-146a were upregulated in patients Figure 7 Co-expression of miR-155 and IL-17A in patients with ACS. The expression of miR-155 and IL-17A in the PBMCs of patients with ACS was detected sequentially. A typical 340 image of the slides from a single patient is shown under different wavelengths of excitation. First, the nuclei of PBMCs were measured (blue, DAPI) (a). Then, the expression of miR-155 was detected by FISH using TSA Plus Direct-Green (b), and the expression of IL-17A was detected by IHC using TSA Plus Direct-Cyanine 3 (c). Finally, colocalization of the nuclei of PBMCs, the expression of miR-155 and the expression of IL-17A were shown together by overlaying the images (d). n52 experiments performed in triplicate in both UA and AMI patients. ACS, acute coronary syndrome; AMI, acute myocardial infarction; FISH, fluorescent in situ hybridization; IHC, immunohistochemistry; PBMCs, peripheral blood mononuclear cells; UA, unstable angina.
inflammation-related microRNAs and acute coronary syndrome R Yao et al 494 with ACS. The expression of miR-155 closely correlated with the frequency of Th17 cells, and miR-155 was co-expressed with IL-17A in the PBMCs of patients with ACS. Based on previous studies of the relationship between miR-155 expression and Th cell differentiation, our study suggests that miR-155 might be involved in the imbalance of Th cell subsets in the development of atherosclerosis, especially the upregulation of Th17 cells. However, our study involved a limited number of subjects and methods, and the relationship between miR-155 expression and Th cell differentiation in patients with ACS may not be completely resolved. More studies are necessary to clarify the exact relationship between miR-155 expression and Th cell differentiation and the mechanisms of miR-155 modulation of Th cell differentiation in patients with ACS.
